1. Introduction {#sec1-plants-08-00442}
===============

Black pepper (*Piper nigrum* L.) is a basal angiosperm, which integrates the magnoliid clade and the family Piperaceae Giseke; it is a perennial, semi-woody, and climbing plant \[[@B1-plants-08-00442]\]. The plant occurs naturally in the forests of Malabar (India); its center of origin, however, it has been introduced in tropical regions of south and southeast Asia and South America \[[@B2-plants-08-00442]\]. Owing to its popularity in the culinary industry and broad commercialization in the international market, black pepper is considered the "king of the spices" \[[@B3-plants-08-00442]\]. Its fruits, resin oil, and essential oil are used as flavouring agents in food preservation, cosmetics, and the perfume industry \[[@B4-plants-08-00442]\].

Brazil is among the countries with the highest production and export of black pepper, contributing about 17% to international production \[[@B5-plants-08-00442]\]. In recent years, this index has been displaying oscillations, mainly owing to occurrence of fungal diseases such as fusariosis or root rot (*Fusarium solani* f. sp. *piperis*), yellow wilt (*F. oxysporum*), anthracnose (*Colletotrichum gloeosporioides*), and phythopthora roots (*Phythopthora capsici*) \[[@B6-plants-08-00442],[@B7-plants-08-00442],[@B8-plants-08-00442]\].

Prophylactic measures such as phytosanitation, cultural practices, and chemical treatments are commonly recommended for the management of the diseases of *P. nigrum* \[[@B9-plants-08-00442]\]. The induced resistance process by growth promoters and antagonist microorganisms has been mentioned in the literature as a viable alternative for the control of plant illness \[[@B10-plants-08-00442]\], although it is still barely explored for the black pepper crop. In this sense, it becomes relevant to investigate alternative measures of control of diseases that affect black pepper, which are less expensive and accessible to the productive chain of the crop.

About 80% of land plants live in symbiosis with arbuscular mycorrhizal fungi (AMF) \[[@B11-plants-08-00442]\]. These fungi present an obligate biotrophic lifestyle, and then during the pre-symbiotic phase, the penetration apparatus (PPA) triggers microbe-associated molecular patterns (MAMPs) that mediate suppression of defense-related genes and enable the establishment of colonization \[[@B12-plants-08-00442]\]. In addition, AMFs contribute to plant development, and activate a mechanism known as mycorrhizal-induced resistance (MIR) \[[@B13-plants-08-00442]\], which promotes biochemical and anatomical changes in the host tissue and expression of defense genes against pathogens and environmental stresses.

Mycorrhizal colonization may lead to an increase in the phenolic compounds content and activity of key defense-related enzymes such as lipoxygenases (LOXs) and phenylalanine ammonia-lyase. LOXs are ubiquitous enzymes that play important roles in plants, such as mobilization of stock lipids to initiate seed germination, plant growth, and development, as well as responses to pest and pathogen injury through the production of hydroperoxides from plants, fatty acids, jasmonic acid, volatile aldehydes, and oxyacids \[[@B14-plants-08-00442],[@B15-plants-08-00442]\]. PAL acts on the primary and secondary metabolism of higher plants. It is highly regulated during development and lignification. Its activity can be intensified by environmental factors such as low nutrient levels, excess light, and fungal infection \[[@B16-plants-08-00442]\]. These enzymes have been investigated during the symbiosis with AMFs, owing to their influence on the colonization process and because they constitute biological markers of the plant physiological state \[[@B17-plants-08-00442],[@B18-plants-08-00442],[@B19-plants-08-00442]\].

Root diseases caused by soil-borne pathogens can be reduced by AMF; therefore, they can be used as biocontrol agents \[[@B20-plants-08-00442]\]. Previous studies reported the AMF effects on *P. nigrum* cultivars: the 'Cingapura' cultivar showed better vegetative development after inoculation by *Acaulospora* sp., *Gigaspora heterogama*, *G. margarita,* and *Glomus macrocarpum* \[[@B21-plants-08-00442]\]. The 'Guajarina' cultivar had a lower incidence of fusariosis after inoculation by *Scutellospora gilmorei* \[[@B22-plants-08-00442]\], and the 'Bragantina' cultivar exhibited variations in the chemical compositions of leaf essential oils, with the increase of α-bisabolol (32.3%--48.5%) and elemol (11.4%--23.2%) after inoculation by *Glomus clarum* and *G. etunicatum* \[[@B23-plants-08-00442]\].

In this work, the 'Bragantina' cultivar was selected because of its wide cultivation in northern Brazil and to present high productivity, resistance to yellow wilt, and its susceptibility to fusariosis \[[@B24-plants-08-00442]\]. Thus, the aim of this study was the evaluation of the pattern of root colonization and changes of volatile profile, phenolic content, and enzymatic activities during the association with AMF.

2. Results {#sec2-plants-08-00442}
==========

2.1. Monitoring of Colonization of P. nigrum Roots by AMF {#sec2dot1-plants-08-00442}
---------------------------------------------------------

The colonization of *P. nigrum* roots was established with the concentration of inoculum used, and mycorrhizal structures were absent in the control group ([Figure 1](#plants-08-00442-f001){ref-type="fig"}a). At 7 dpi, arbuscles in the cortex of the roots were observed ([Figure 1](#plants-08-00442-f001){ref-type="fig"}b). At 15 dpi, numerous intracellular hyphae ([Figure 1](#plants-08-00442-f001){ref-type="fig"}c), terminal arbuscles, and vesicles ([Figure 1](#plants-08-00442-f001){ref-type="fig"}d) were noted. Arbuscles were visualized near or overlying the plant cell nucleus ([Figure 1](#plants-08-00442-f001){ref-type="fig"}d). The penetration apparatus (PPA) consisted of hyphopodia, and intracellular hyphae ([Figure 1](#plants-08-00442-f001){ref-type="fig"}e). Vesicles, and intercellular hyphae ([Figure 1](#plants-08-00442-f001){ref-type="fig"}f) were noted at 30 dpi. Intense colonization of the radicular cortex with the presence of vesicles, arbuscles, and intracellular hyphae was indicated at 60 dpi ([Figure 1](#plants-08-00442-f001){ref-type="fig"}g). On the final day of evaluation (90 dpi), fungal entry was still observed in the plant cell ([Figure 1](#plants-08-00442-f001){ref-type="fig"}h). Intercellular hyphae were predominant in *P. nigrum* roots, characteristic of the Arum type of colonization, comprising extensive intercellular hyphae in the cortical cells, which form terminal arbuscles, connected by hyphal trunks ([Figure 1](#plants-08-00442-f001){ref-type="fig"}i). Meristematic and vascular tissues were not colonized ([Figure 1](#plants-08-00442-f001){ref-type="fig"}i).

2.2. Variation of Volatile Compounds {#sec2dot2-plants-08-00442}
------------------------------------

The total chemical composition of volatile compounds identified in the leaves was around 98.0%, with sesquiterpene hydrocarbons and oxygenated sesquiterpenoids predominating. AMF association promoted an increase of sesquiterpene hydrocarbons at 7 dpi (54.03%--79.0%). However, the oxygenated sesquiterpenoids contents were reduced in plants inoculated at 7 dpi (41.34%--14.48%) and 60 dpi (41.78%--21.45%) ([Table 1](#plants-08-00442-t001){ref-type="table"}). The main volatiles from leaves were cubenol, bicyclogermacrene, and δ-cadinene. There was a significant decrease (*p* \< 0.05) in the content of cubenol of inoculated groups at 7 and 60 dpi (21.52%--0.27% and 17.31%--8.67%, respectively) ([Figure 2](#plants-08-00442-f002){ref-type="fig"}). At 30 dpi, there was an increase in the production of 1-hexanol (0.47%--5.20%), (2*E*)-hexenal (0.46%--1.35%), and hexanal (0.16%--0.53%) in the leaves ([Table 1](#plants-08-00442-t001){ref-type="table"}).

In the roots, the main compounds identified were monoterpenes and sesquiterpene hydrocarbons, corresponding to 96% of the total chemical composition ([Table 2](#plants-08-00442-t002){ref-type="table"}). The main compound classes did not display essential changes. β-caryophyllene, δ-elemene, and limonene were the major constituents of the roots. β-caryophyllene decreased (*p* \< 0.05) at 45 dpi in the inoculated group (30.0%--20.0%) and the content of both δ-elemene and limonene changed (*p* \< 0.05) at 21 dpi with AMF. δ-elemene decreased (24.78%--17.45%) and limonene increased (2.71%--6.36%) ([Figure 3](#plants-08-00442-f003){ref-type="fig"}, [Table 2](#plants-08-00442-t002){ref-type="table"}).

2.3. Lipoxygenase (LOX) Activity {#sec2dot3-plants-08-00442}
--------------------------------

During the mycorrhizal colonization of *P. nigrum*, there were no variations in the reaction rate of LOX in the leaves ([Figure 4](#plants-08-00442-f004){ref-type="fig"}a). However, there was increase of LOX (*p* \< 0.05) in the colonized roots at 21, 30, and 60 dpi of 64.2%, 42.7%, and 66.4%, respectively ([Figure 4](#plants-08-00442-f004){ref-type="fig"}b).

2.4. Phenylalanine Ammonia Lyase (PAL) Activity {#sec2dot4-plants-08-00442}
-----------------------------------------------

Mycorrhizal colonization induced the highest production of PAL in *P. nigrum* in the leaves and roots. In the leaves, there was a significant difference (*p* \< 0.05) in the unit of enzyme/mL of extract at 7 (11.0--15.0); 21 (12.12--14.46); 30 (11.09--14.53), and 45 (11.04--14.78) dpi ([Figure 5](#plants-08-00442-f005){ref-type="fig"}a). In the roots, there was a greater production of the enzyme at 21 (9.92--15.6) and 45 (6.06--10.4) dpi ([Figure 5](#plants-08-00442-f005){ref-type="fig"}b).

2.5. Total Phenolics Determination {#sec2dot5-plants-08-00442}
----------------------------------

The quantification of the phenolic compounds in the extracts showed variation only in the roots. There was an increase from 13.05 ± 1.66 to 69.59 ± 1.59 mg EAG/g−1 in the colonized roots at 30 dpi ([Figure 6](#plants-08-00442-f006){ref-type="fig"}a). The amounts of phenolic compounds from the plants inoculated with AMFs did not correlate with the enzymatic activity of PAL in leaves (r^2^ = 0.349) and roots (r^2^ = 0.071).

3. Discussion {#sec3-plants-08-00442}
=============

Among the methods used for the visualization of AMF in roots, clearing and staining with KOH 10% and trypan blue in lactophenol 0.1% is commonly cited in the literature \[[@B25-plants-08-00442]\]. Our results showed that plant anatomy techniques are effective for characterization of AMF colonization. The root colonization of *P. nigrum* was established at 7 dpi. In most plants, the first stage of establishment of mycorrhizae occurs with the release of exudates by the roots, which attract and induce molecular mechanisms of fungal penetration. Before colonization, a perifungal membrane develops and forms an apoplastic interface between the plant and fungal cell membrane. Then, an invagination of the fungus membrane occurs in the plant cell, forming a thin compartment without changing the integrity of the plant cell. In the apoplastic interface, metabolites are exchanged between symbionts \[[@B11-plants-08-00442]\].

The hyphopod observed ([Figure 1](#plants-08-00442-f001){ref-type="fig"}e) constitutes part of the PPA, which is fundamental to the pre-symbiotic stage of colonization \[[@B26-plants-08-00442]\]. Arbuscles ([Figure 1](#plants-08-00442-f001){ref-type="fig"}d) are temporary structures, undergo turnover, and are essentials in the mycorrhizal interaction \[[@B11-plants-08-00442]\]. During the formation of the arbuscles, the fungal cell wall becomes less thick, a fragmentation of the vacuole occurs in the plant cell, and the disappearance of amyloplasts and the nuclei from arbuscles overlap with those of the vegetal cell \[[@B27-plants-08-00442]\]. The PPA ([Figure 1](#plants-08-00442-f001){ref-type="fig"}e) and vesicles ([Figure 1](#plants-08-00442-f001){ref-type="fig"}f) that were observed at 30 dpi suggested the continuous entry of AMF into the plant cell, which is probably stimulated by the degeneration of the arbuscles \[[@B27-plants-08-00442]\]. Vesicles can be formed in the intra and intercellular spaces, are essential storage organs containing lipids with numerous nuclei, and are considered propagation units of the AMF \[[@B28-plants-08-00442]\]. The analysis of meristematic tissues ([Figure 1](#plants-08-00442-f001){ref-type="fig"}i) did not display colonization; this occurs as a result of their resistance and constant development \[[@B29-plants-08-00442]\].

In cultivated species, the predominance of only one colonization type is typical \[[@B29-plants-08-00442]\]. In *P. nigrum* 'Bragantina', however, two types were noted, characterized as an intermediate type, which was previously reported \[[@B30-plants-08-00442]\]. Experiments have shown that the two types of mycorrhization may occur depending on the host species \[[@B31-plants-08-00442]\]. Both Arum and Paris types were found in the root systems of *Cucumis sativus* (cucumber) and *Solanum lycopersicum* (tomato) \[[@B32-plants-08-00442]\]. The occurrence of two colonization patterns in *P. nigrum* may be related to its dependence on mycorrhization \[[@B21-plants-08-00442]\], which may help in obtaining minerals because the Amazon soils are considered deficient in nutrients \[[@B33-plants-08-00442]\].

Arbuscular mycorrhiza association promoted changes in essential oil composition of the leaves and the roots of *P. nigrum*. The amounts of terpenoids identified in the leaves of *P. nigrum* ([Table 1](#plants-08-00442-t001){ref-type="table"}) were similar to a specimen collected in Trivandrum (India), which displayed 63.3% of sesquiterpene hydrocarbons and 32.4% of oxygenated sesquiterpenoids \[[@B34-plants-08-00442]\]. AMF association increased the sesquiterpene hydrocarbons (54.03%--78.9%) at 7 dpi and reduced oxygenated sesquiterpenoids at 7 dpi (41.34%--14.48%) and at 60 dpi (41.78%--21.45%). However, in a similar study, a decrease of sesquiterpene hydrocarbons (25.4%--10.6%) and an increase of oxygenated sesquiterpenes (67.0%--82.7%) were reported \[[@B23-plants-08-00442]\]. The association between plants and AMFs can induce numerous variations in terpenoid contents. These molecules have a diverse set of structures and play many roles in plant metabolism, such as hormonal regulation of plant growth and protection against herbivore and pathogen attacks, which should be considered to improve the yield and quality of terpenoids in agricultural crops \[[@B35-plants-08-00442]\].

Composition, concentration, and mixture of volatile terpenoids promote an indirect effect in the defense against herbivory through changes in the plant's attractiveness and/or the herbivore's behavior. *Phaseolus vulgaris* seedlings infested with spider mites and inoculated with *Funneliformis mosseae* emitted β-ocimene and β-caryophyllene in greater quantity, culminating in the attraction of mite predators \[[@B36-plants-08-00442]\].

The occurrence of β-caryophyllene as a major volatile compound in the *P. nigrum* roots has been reported in other studies. The essential oil of *P. nigrum* collected in Haikou (China) was rich in β-caryophyllene, α-humulene (51.2% and 6.76%), and δ-3-carene (6.0%) \[[@B37-plants-08-00442]\]. Previous studies reported that AMF association had not influenced the β-caryophyllene concentration in *P. nigrum* roots \[[@B23-plants-08-00442]\].

Volatile organic compounds (VOCs) such as 1-hexanol, (2*E*)-hexenal, and hexanal increased in the leaves of inoculated plants ([Table 1](#plants-08-00442-t001){ref-type="table"}). This behavior can be a response to biotic stress during the linoleic acid oxidation by LOX action; the aldehyde (3*Z*)-hexenal is the first product formed \[[@B38-plants-08-00442]\]. AMF colonization also induced an increase in LOX activity ([Figure 4](#plants-08-00442-f004){ref-type="fig"}). VOCs such as (3*Z*)-hexenol produced from injured plants can promote plant--plant communication responses for the pre-defense of nearby non-attacked plants and may confer protection against insect attack and inhibit colonization by pathogens \[[@B39-plants-08-00442]\].

LOX activity in the roots was higher than in the leaves, probably owing to the inoculation of AMF directly on the soil on the roots. The LOX pathway results in different classes of oxylipins and jasmonic acid (JA). JA plays a vital role in the growth--defense balance, and in the establishment and mutualistic interaction of the host plant and AMF \[[@B40-plants-08-00442],[@B41-plants-08-00442]\]. The joint action of LOX and AMF have critical roles in plant development \[[@B42-plants-08-00442]\]. Colonization by *F. mosseae* and *Rhizophagus irregularis* induced the LOX-9 pathway in roots of *S. lycopersicum* and showed the expression of a gene coding for LOX in leaves, respectively \[[@B43-plants-08-00442],[@B44-plants-08-00442]\]. The higher activity of LOX in the roots, observed in the present study, corroborates the hypothesis of Morcillo et al. (2012) \[[@B17-plants-08-00442]\], which suggests that although AMF performs beneficial actions to the plants, they initially penetrate plant cells, inducing and activating defense and signal transduction pathways such as LOX. During this mechanism, the plant controls the level of colonization of these fungi, aiming to maintain a symbiotically stable relationship. LOXs may also have increased activity under biotic and/or abiotic stimuli, such as by microorganisms, drought, or high-salinity stress \[[@B24-plants-08-00442],[@B44-plants-08-00442],[@B45-plants-08-00442],[@B46-plants-08-00442]\].

Phenylalanine ammonia-lyase is an enzyme widely found in higher plants, and plays a key role in the primary metabolism, acting in the development and lignification in the plants body. Furthermore, in the secondary metabolism, it acts at the beginning of the shikimic acid pathway, and thus is also involved in the protection against biotic and abiotic stresses \[[@B47-plants-08-00442],[@B48-plants-08-00442]\]. PAL is the first enzyme and chalcone isomerase the second enzyme that catalyzes the biosynthesis of flavonoids and isoflavonoids, compounds considered chemoattractants for AMF colonization \[[@B48-plants-08-00442]\]. These enzymes had an increase in their activity during the first stages of colonization of alfalfa roots (*Medicago sativa* L. 'Cilboa') by *Glomus intraradix*, and subsequently reduced to levels below the control group \[[@B49-plants-08-00442]\], suggesting that AMF initiate a defense response in the host, but then suppress this response, with the aim of establishing themselves in the plant's root tissues \[[@B13-plants-08-00442]\].

The association of *Lycopersicon esculentum* with *Glomus macrocarpum* and *G. fasciculatum* promoted at least a five-fold increase in PAL activity \[[@B50-plants-08-00442]\]. In contrast to our results, the inoculation of *Valeriana jatamansi* with *Glomus intradices* induced greater PAL activity in roots than in leaves. Furthermore, there was an increase in the contents of phenolic compounds and tannins \[[@B51-plants-08-00442]\]. Another study demonstrated an increase of PAL production was efficient in protecting of *P. nigrum* 'Reyin-1′ (susceptible) and *Piper flaviflorum* (resistant) against the phytopathogenic fungus *Phytophthora capsica*. In addition, histochemical analyses of the stem of these two species showed a greater deposition of lignin in the vascular bundles of resistant plants \[[@B52-plants-08-00442]\].

Phenolic compounds are essential in the symbiotic interaction between plants and microorganisms because they act as signaling molecules at the beginning of the association and establishment of mycorrhizal colonization and as defense compounds in the plant \[[@B53-plants-08-00442]\]. Flavonoids present in root exudates play an essential role for the beginning and establishment of symbiosis \[[@B54-plants-08-00442]\]. Soybean seeds (*Glycine max*) germinated in association with *Glomus fasciculatum* and *G. mosseae* (1:1) presented a greater quantity of phenolic compounds compared with control plants (1.81--2.712 mg gallic acid equivalent (GAE)/g). In addition, the inoculated plants exhibited maximum free radical-scavenging ability compared with the control group, enhancing its nutraceutical potential \[[@B55-plants-08-00442]\].

The highest production of phenolic compounds in the roots of *P. nigrum* possibly occurred because this organ maintains intrinsic contact with the AMFs. In contrast to the results of this present study, a previous study showed that the inoculation of AMFs in seedlings of *P. nigrum* 'Bragantina' did not induce changes in the phenolic contents of roots \[[@B23-plants-08-00442]\].

4. Materials and Methods {#sec4-plants-08-00442}
========================

4.1. Plant Material {#sec4dot1-plants-08-00442}
-------------------

*Piper nigrum* seedlings of the 'Bragantina' cultivar were purchased from a local producer from Castanhal (Pará state, Brazil) in February 2016. The plants were acclimatized and maintained in a greenhouse with the daily watering regime. After thirty days, the plants were transplanted to propylene bags, one per pot, with commercial substrate containing a mixture of limestone, castor bean (*Ricinus communis*), bone meal, and expanded vermiculite type B. A voucher of the *P. nigrum* was deposited in the Herbarium of Museu Paraense Emílio Goeldi (MPEG) and was registered as MG224384.

4.2. Multiplication of AMF Spores, Production of Inoculum and Inoculation {#sec4dot2-plants-08-00442}
-------------------------------------------------------------------------

Arbuscular mycorrhiza spore was obtained from a 50 g sample of soil rhizosphere harvested from the southeast of Pará state (Brazil). The spore's extraction was performed by wet sieving and decanting method \[[@B56-plants-08-00442]\] and 40% sucrose centrifugation \[[@B57-plants-08-00442]\]. AMF identification was done according to its morphological characteristics \[[@B58-plants-08-00442],[@B59-plants-08-00442]\] and was propagated in sterile sand, using *Brachiaria brizantha* as trap culture \[[@B23-plants-08-00442]\]. Inoculum with the proportion of 50% of each fungal species (*Rhizophagus clarus* and *Claroideoglomus etunicatum*), composed of a mixture of spores (density of 90 spores/g soil), hyphae, root fragments, and sterile sand, was used during the inoculation.

*Piper nigrum* seedlings were removed from bags, pits with approximately 2 cm thick were opened, and 6 g of inoculum was spread superficially on the roots. Finally, the seedlings were replanted. The control group was composed of non-inoculated seedlings.

4.3. Experimental Design {#sec4dot3-plants-08-00442}
------------------------

Two independent experiments were designed, both arranged in completely randomized blocks. For the chemical profile and enzymatic analyses, thirty plants were separated into two groups: inoculated with AMFs (treatment, 15 plants) and uninoculated plants (control group, 15 plants). The collection of leaves and roots occurred at 7, 15, 21, 30, and 60 days post inoculation (dpi), after which the plants were sacrificed. For anatomical analyses, a total of eighteen plants were employed of these three and fifteen comprised the control and inoculated groups, respectively. The collections of root fragments were performed at 1, 3, 7, 15, 30, 60, and 90 dpi. After 60 dpi, the first plants were reused for analysis. All collections were performed in triplicate.

4.4. Mycorrhizal Colonization in *P. nigrum* Roots {#sec4dot4-plants-08-00442}
--------------------------------------------------

For the visualization of mycorrhizal colonization, a qualitative analysis was done based on the presence and absence of fungal structures and the development of colonization. Usual techniques in plant anatomy were employed \[[@B60-plants-08-00442]\]. Root fragments of approximately 1 cm were fixed during 24 h in FAA70 (formaldehyde, acetic acid, and ethanol 70%, 1:1:1, v/v). Afterward, the samples were dehydrated with a series of butyl alcohol treatments and embedded in histological paraffin \[[@B61-plants-08-00442]\]. Longitudinal sections (12--18 μm) were obtained using an automatic microtome (Leica^®^ RM 2245, Nussloch, Germany), stained with Astra blue and Safranine \[[@B62-plants-08-00442]\] and mounted in Entellan^®^ resin. Photomicrographs were obtained using a Canon digital camera model A65015 coupled to a Zeiss microscope model 426126.

4.5. Extraction and Analysis of the Essential Oils {#sec4dot5-plants-08-00442}
--------------------------------------------------

The essential oils fractions from fresh leaves and roots (2.0 g) of *P. nigrum* were obtained by simultaneous distillation--extraction process using a Likens--Nickerson apparatus for 2 h and *n*-pentane (3 mL) as solvent. After extraction, an aliquot (1.0 μL) of the organic phase was analyzed by gas chromatography. Qualitative analysis was carried out on a Gas Chromatography-Mass Spectrometry (GC-MS) (Shimadzu QP2010 plus instrument) under the following conditions: Rtx-5MS silica capillary column (30 m × 0.25 mm film thickness); programmed temperature, 60--240 °C (3 °C/min); injector temperature, 200 °C; carrier gas, helium, adjusted to a linear velocity of 1.2 mL/min; injection type, splitless; split flow was adjusted to yield a 20:1 ratio; septum sweep was a constant 10 mL/min; EIMS, electron energy, 70 eV; and temperature of the ion source and connection parts, 200 °C. The retention indices were calculated for all the volatile constituents using a homologous series of *n*-alkanes (C8--C32, Sigma-Aldrich) \[[@B63-plants-08-00442]\]. The identification of compounds was performed by comparison of mass spectra and retention indices with data present in the libraries of Adams, National Institute of Standards and Technology (NIST), and Flavour and Fragrance Natural and Synthetic Compounds (FFNSC2) \[[@B63-plants-08-00442],[@B64-plants-08-00442],[@B65-plants-08-00442]\]. The component percentages are based on peak integrations without standardization.

4.6. Lipoxygenase (LOX) Activity {#sec4dot6-plants-08-00442}
--------------------------------

Leaves and roots were collected and macerated in liquid nitrogen, then the mixture of 1 g of powder plus 3 mL of sodium phosphate buffer (50 mM, pH 6.5) was centrifuged, and the supernatant was used as a source of enzymes. Linoleic acid (78 μL, Sigma-Aldrich, USA) and Tween 20 (90 μL, Sigma-Aldrich) were mixed with boiling water (10 mL) and a few drops of sodium hydroxide (0.5 N), in order to prepare the substrate. The final volume was adjusted to 25 mL, resulting in a sodium linoleate solution (10 mM), which was stored at −20 °C. The test was performed with 5 μL of source of enzymes, 50 μL of sodium linoleate (10 mM), and 1945 μL of sodium phosphate buffer. The mixture was read in a UV/visible spectrophotometer at 234 nm, the increase in absorbance indicated the presence of a conjugated double-bond system in the formed hydroperoxide. LOX activity was determined by monitoring the change in absorbance for 120 seconds, using the specific molar extinction coefficient of 25,000 L^−1^.cm^−1^ moles for calculations \[[@B66-plants-08-00442],[@B67-plants-08-00442]\].

4.7. Phenylalanine Ammonia Lyase (PAL) Activity {#sec4dot7-plants-08-00442}
-----------------------------------------------

Leaves and roots were submitted to maceration in liquid nitrogen to obtain a powder. Each sample (1.0 g) was homogenized in 2 mL of sodium borate buffer (0.3 mM, pH 8.8), 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT), and 5% polyvinylpolypyrrolidone (PVP). After centrifugation, an aliquot of the supernatant (0.5 mL) was mixed with 1.0 mL of reaction buffer containing sodium borate 0.3 mM, pH 8.8, and 0.03 mM L-phenylalanine. The reaction was incubated for 15 min at room temperature, and then the absorbance was read at 290 nm in the UV/visible spectrophotometer. Enzyme units (U) were calculated using a specific molar extinction coefficient of 9630 mol.L^−1^.cm^−1^. One U was defined as the amount of enzyme that catalyzes the conversion of 1 μmol.min^−1^ of L-phenylalanine substrate to *trans*-cinnamic acid per minute, under the specific assay conditions, and volumetric activity was obtained by U.mL^−1^. The experiments were performed in a series of three repetitions each \[[@B68-plants-08-00442]\].

4.8. Folin--Ciocalteu Total Phenolics Determination {#sec4dot8-plants-08-00442}
---------------------------------------------------

Fresh leaves and roots (2 g) were extracted by percolation (96 h) with 50 mL of ethyl acetate. After solvent evaporation, the total phenolics concentration was determined using the Folin--Ciocalteu method \[[@B69-plants-08-00442]\]. An aliquot of 500 μL of extract in methanol (20 mg.mL^−1^) was used to react with 250 μL of reagent (1 N) and 1250 μL of sodium carbonate (75 g L^−1^). After 30 min incubation in the dark, the absorbance of the mixture was read at 760 nm using a UV/visible spectrophotometer. The experimental calibration curve was prepared using gallic acid at concentrations of 0.5 to 10.0 mg L^−1^ and the content of total phenolics was expressed as gallic acid equivalents (GAE) in milligrams per gram of extract (mg/GAE g^−1^).

4.9. Statistical Analysis {#sec4dot9-plants-08-00442}
-------------------------

All analyses were performed in triplicate, compared with the control group, and the data were expressed as means ± standard deviation. GraphPad 6.0 software was used. Analysis of variance was conducted by Bonferroni test following two-way analysis of variance (ANOVA), differences at *p* \< 0.05 were considered statistically significant. Pearson's correlation coefficient (*p* \< 0.05) was applied to verify the relationship between PAL activity and total phenolic content.

5. Conclusions {#sec5-plants-08-00442}
==============

The symbiotic association of AMF established in *P. nigrum* is manifested in the production of volatile compounds related to plant defense, among them, the constituents of the enzyme lipoxygenase pathway, as well as limonene, which was produced in more significant amounts in the roots. These results suggest that the association of *P. nigrum* with AMFs may serve to induce the production of defense compounds, which can help it alleviate biotic and abiotic stresses and may serve as a biological control of black pepper disease.
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![Longitudinal section of *Piper nigrum* roots colonized by arbuscular mycorrhizal fungi. (**a**) Control sample; (**b**) 7 day post inoculation (dpi); (**c,d**) 15 dpi; (**e,f**) 30 dpi; (**g**) 60 dpi; (**h,i**) 90 dpi. EP: epidermis; CO: cortex; BX: bundle of xylem. Symbols: (![](plants-08-00442-i001.jpg)): arbuscules; (![](plants-08-00442-i002.jpg)): intracellular hyphae; (![](plants-08-00442-i003.jpg)): vesicle; (![](plants-08-00442-i004.jpg)): intercellular hyphae; (![](plants-08-00442-i005.jpg)): hyphopodium; (![](plants-08-00442-i006.jpg)): xylem.](plants-08-00442-g001){#plants-08-00442-f001}

![Variation of the main volatile compounds of leaves of *Piper nigrum* in association with arbuscular mychorrhizal fungi. (**a**) cubenol; (**b**) bicyclogermacrene; (**c**) δ-cadinene. Asterisks on the bars represent statistically significant differences between the treatment and control groups, at the 5% probability level, by Bonferroni. AMF, arbuscular mycorrhizal fungi.](plants-08-00442-g002){#plants-08-00442-f002}

![Variation of the main volatile compounds of roots of *Piper nigrum* in association with arbuscular mycorrhizal fungi. (**a**) β-caryophyllene; (**b**) δ-elemene; (**c**) limonene. Asterisks on the bars represent statistically significant differences between the treatment and control groups, at the 5% probability level, by Bonferroni.](plants-08-00442-g003){#plants-08-00442-f003}

![Activity of lipoxygenase in *Piper nigrum* L. (**a**) leaves and (**b**) roots. Asterisks on the bars represent statistically significant differences between the treatment and control groups, at the 5% probability level, by Bonferroni.](plants-08-00442-g004){#plants-08-00442-f004}

![Activity of phenylalanine ammonia-lyase in *Piper nigrum* L. (**a**) leaves and (**b**) roots. Asterisks on the bars represent statistically significant differences between the treatment and control groups, at the 5% probability level, by Bonferroni.](plants-08-00442-g005){#plants-08-00442-f005}

![Total phenolic compounds in *Piper nigrum* L. (**a**) leaves and (**b**) roots. Asterisks on the bars represent statistically significant differences between the treatment and control groups, at the 5% probability level, by Bonferroni.](plants-08-00442-g006){#plants-08-00442-f006}

plants-08-00442-t001_Table 1

###### 

Comparison of volatile compounds produced in *Piper nigrum* leaves non-inoculated and inoculated with arbuscular mycorrhizal fungi (AMF) (mean ± standard deviation).

  Compounds                       RIL             RIC             7 dpi            21 dpi           30 dpi        45 dpi        60 dpi                                                                          
  ------------------------------- --------------- --------------- ---------------- ---------------- ------------- ------------- -------------- -------------- --------------- --------------- ----------------- ----------------
  *n*-hexanol                     863             857             0.09 ± 0.16                       0.35 ± 0.60                 0.47 ± 0.66    5.20 ± 4.51    0.78 ± 0.50     1.00 ± 1.41     1.71 ± 1.42       1.73 ± 1.02
  δ-elemene                       1335            1331            4.08 ± 0.41      4.42 ± 1.65      4.59 ± 0.56   4.81 ± 0.83   3.81 ± 0.60    2.54 ± 0.77    3.58 ± 0.80     2.55 ± 0.06     4.08 ± 0.94       4.84 ± 0.36
  α-cubebene                      1345            1344            3.41 ± 0.9       3.54 ± 1.65      4.02 ± 0.49   3.82 ± 0.54   2.91 ± 0.56    2.60 ± 1.02    3.03 ± 0.33     2.41 ± 0.10     3.00 ± 0.58       5.24 ± 0.69
  α-copaene                       1374            1373            4.32 ± 2.25      3.85 ± 1.8       5.19 ± 0.80   4.84 ± 0.96   3.91 ± 1.15    2.74 ± 1.17    3.81 ± 0.65     2.49 ± 0.42     3.50 ± 0.90       6.42 ± 1.45
  β-cubebene                      1387            1385            2.53 ± 0.4       4.62 ± 2.75      3.04 ± 0.91   3.84 ± 2.02   2.18 ± 0.30    2.53 ± 2.34    2.57 ± 1.03     3.29 ± 0.28     3.50 ± 0.31       4.55 ± 0.71
  α-gurjunene                     1409            1410            3.82 ± 1.39      2.98 ± 1.3       5.13 ± 0.89   4.58 ± 0.65   3.59 ± 0.45    2.28 ± 0.77    3.53 ± 0.95     2.16 ± 0.20     3.61 ± 0.85       5.82 ± 1.54
  β-caryophyllene                 1417            1417            4.63 ± 1.72      5.74 ± 2.73      4.81 ± 0.83   4.97 ± 1.73   3.86 ± 0.90    2.82 ± 1.30    3.33 ± 0.41     3.07 ± 1.53     3.46 ± 1.02       6.28 ± 1.12
  β-selinene                      1489            1486            5.36 ± 2.29      5.19 ± 2.01      5.91 ± 1.02   6.85 ± 2.79   6.21 ± 2.52    3.48 ± 1.44    4.46 ± 1.03     2.88 ± 0.32     4.10 ± 1.07       5.69 ± 0.64
  *trans*-muurola-4(14),5-diene   1493            1488            3.13 ± 0.37      3.46 ± 1.16      3.06 ± 0.41   1.99 ± 1.73   1.00 ± 1.41    1.39 ± 1.26    2.46 ± 0.24     2.17 ± 0.06     2.45 ± 0.52       3.08 ± 0.06
  bicyclogermacrene               1500            1493            7.70 ± 1.34      10.1 ± 0.59      8.16 ± 1.11   8.43 ± 1.81   6.80 ± 0.91    4.96 ± 1.99    6.68 ± 1.28     4.46 ± 0.30     6.36 ± 1.64       9.83 ± 0.35
  α-muurolene                     1500            1496            3.27 ± 1.33      2.93 ± 0.94      4.10 ± 0.48   3.94 ± 0.81   2.80 ± 0.93    2.65 ± 1.56    2.72 ± 0.39     1.93 ± 0.45     2.66 ± 0.80       3.31 ± 0.13
  cubebol                         1514            1513            0.33 ± 0.57      0.99 ± 1.71      2.00 ± 2.35   0.20 ± 0.35   2.62 ± 3.70    2.48 ± 2.26    3.29 ± 1.02     0.93 ± 1.31     3.92 ± 2.35       2.62 ± 0.17
  δ-cadinene                      1522            1515            5.54 ± 1.62      4.88 ± 1.19      3.96 ± 0.42   4.04 ± 0.57   2.66 ± 0.86    3.96 ± 0.90    3.55 ± 0.34     4.12 ± 0.83     3.27 ± 0.11       4.33 ± 0.89
  caryophyllene oxide             1582            1584            3.73 ± 1.10      4.71 ± 0.86      2.36 ± 0.11   3.12 ± 0.97   4.92 ± 0.23    5.00 ± 1.94    3.43 ± 0.42     4.93 ± 0.85     3.84 ± 0.66       2.07 ± 0.15
  *epi*-cubenol                   1627            1624            0.86 ± 0.58      0.95 ± 1.18      0.30 ± 0.31   0.54 ± 0.47   1.16 ± 1.03    2.21 ± 2.03    1.31 ± 0.20     1.16 ± 0.83     1.05 ± 0.53       1.01 ± 0.04
  α-muurolol                      1644            1639            2.72 ± 1.15      2.92 ± 1.76      2.03 ± 0.95   2.01 ± 0.79   1.82 ± 0.62    2.20 ± 1.02    3.19 ± 0.18     3.41 ± 1.15     2.70 ± 0.19       1.56 ± 0.26
  cubenol                         1645            1643            21.53 ± 9.7 \*   0.28 ± 0.23 \*   16.09 ± 1.3   11.7 ± 2.91   14.55 ± 3.42   12.53 ± 2.81   20.39 ± 1.71    18.42 ± 0.27    17.31 ± 0.24 \*   8.67 ± 2.60 \*
  (2*E*,6*Z*)-farnesal            1713            1706            2.3 ± 0.8        2.1 ± 0.5        0.63 ± 0.09   1.08 ± 0.33   1.02 ± 0.40    1.46 ± 0.33    1.44 ± 0.61     1.48 ± 0.20     1.31 ± 0.47       0.13 ± 0.11
  (2*E*,6*E*)-farnesal            1740            1733            3.0 ± 1.3        2.9 ± 1.3        0.94 ± 0.12   1.46 ± 0.43   1.07 ± 0.35    1.84 ± 0.33    1.52 ± 0.53     1.91 ± 0.15     1.52 ± 0.39       0.21 ± 0.18
  Monoterpene hydrocarbons        0.6 ± 0.3       0.7 ± 0.9       0.9 ± 0.2        0.6 ± 0.5        0.7 ± 0.2     2.2 ± 1.6     1.0 ± 0.5      1.2 ± 1.0      0.6 ± 0.6       0.4 ± 0.2                         
  Oxygenated monoterpenes         1.5 ± 1.6       1.2 ± 0.9       0.7 ± 0.4        0.7 ± 0.3        0.9 ± 0.5     3.0 ± 1.9     1.0 ± 0.4      1.3 ± 0.6      0.6 ± 0.7       1.3 ± 0.2                         
  Sesquiterpene hydrocarbons      54.0 ± 1.0 \*   78.9 ± 3.2 \*   70.1 ± 12.2      68.3 ± 19.0      55.2 ± 12.1   44.2 ± 23.7   53.5 ± 11.0    45.4 ± 9.3     52.2 ± 13.4     73.3 ± 10.1                       
  Oxygenated Sesquiterpenes       41.3 ± 1.8 \*   14.4 ± 3.8 \*   26.1 ± 7.9       26.0 ± 17.2      40.2 ± 18.2   41.2 ± 23.3   41.3 ± 9.5     46.9 ± 14.8    41.7 ± 9.3 \*   21.4 ± 4.8 \*                     
  Phenylpropanoids                0.0             0.0             0.0              0.0              0.0           0.0           0.0            0.0            0.0             0.0                               
  Others                          0.7 ± 0.9       3.1 ± 2.9       1.7 ± 1.4        2.2 ± 1.4        1.3 ± 1.0     7.9 ± 6.8     1.7 ± 1.0      2.8 ± 1.9      3.4 ± 2.2       3.5 ± 1.3                         
  Total                           98.1 ± 5.6      98.3 ± 11.7     99.6 ± 22.1      97.9 ± 38.6      98.5 ± 32.1   98.8 ± 57.5   98.7 ± 22.7    97.7 ± 27.8    98.7 ± 26.4     99.9 ± 16.8                       

This table contains only volatile compounds above 2% present in at least one of the treatments. **RIL**: retention index of library; **RIC**: retention index calculated; **control**: *Piper nigrum* non-inoculated with AMF; **AMF**: *Piper nigrum* inoculated with AMF; dpi: days post inoculation; \* statistical difference according to Bonferroni test (*p* \< 0.05).

plants-08-00442-t002_Table 2

###### 

Comparison of volatile compounds produced in *Piper nigrum* roots non-inoculated and inoculated with arbuscular mycorrhizal fungi (AMF) (mean ± standard deviation).

  Compounds                    RIL             RIC             7 dpi           21 dpi          30 dpi            45 dpi            60 dpi                                                                          
  ---------------------------- --------------- --------------- --------------- --------------- ----------------- ----------------- --------------- --------------- --------------- ---------------- -------------- --------------
  α-thujene                    924             917                             1.42 ± 2.47     0.94 ± 1.45       2.8 ± 1.53                                        2.42 ± 1.06     2.91 ± 1.34      2.9 ± 0.73     2.91 ± 0.50
  α-pinene                     932             934             3.42 ± 0.96     5.24 ± 3.21     4.08 ± 3.26       8.27 ± 4.66       2.09 ± 1.25     2.34 ± 0.82     6.10 ± 3.98     8.4 ± 2.95       8.88 ± 1.94    8.25 ± 1.24
  camphene                     946             956             7.82 ± 3.63     5.92 ± 5.28                       0.01 ± 0.02       5.27 ± 2.55     6.74 ± 0.32                                      0.02 ± 0.03    0.01 ± 0.02
  sabinene                     969             970                             1.93 ± 3.29     1.54 ± 1.23       2.47 ± 1.24       0.01 ± 0.02     0.01 ± 0.02     2.84 ± 1.31     2.49 ± 1.17      2.88 ± 0.25    2.49 ± 0.64
  β-pinene                     974             976             4.17 ± 1.11     3.2 ± 0.82      0.32 ± 0.55       1.08 ± 0.61       2.33 ± 1.15     2.36 ± 1.13     1.01 ± 0.55     1.16 ± 0.6       1.30 ± 0.32    1.19 ± 0.19
  limonene                     1024            1028            8.73 ± 2.38     8.71 ± 2.44     3.7 ± 1.82 \*     5.3 ± 1.87 \*     5.02 ± 1.52     4.9 ± 1.49      5.65 ± 2.03     5.38 ± 1.70      6.08 ± 0.52    4.95 ± 0.95
  camphor                      1141            1146            4.8 ± 2.22      4.49 ± 0.85     3.07 ± 1.09       5.28 ± 1.10       4.86 ± 1.89     5.30 ± 0.27     3.68 ± 1.74     7.00 ± 2.6       3.68 ± 0.85    4.31 ± 1.36
  isoborneol                   1155            1162            1.98 ± 1.2      2.85 ± 0.86     0.49 ± 0.43       1.88 ± 0.32       2.92 ± 0.89     1.40 ± 1.21     1.58 ± 1.64     2.06 ± 1.26      1.62 ± 2.10    2.20 ± 1.08
  3,5-dimethoxytoluene                         1264            2.2 ± 0.32      1.44 ± 0.28                                         2.37 ± 0.85     1.79 ± 0.57                                                     
  δ-elemene                    1335            1333            18.95 ± 0.55    13.29 ± 2.0     24.78 ± 1.23 \*   16.75 ± 2.35 \*   13.13 ± 2.06    15.7 ± 0.69     19.18 ± 3.61    15.28 ± 1.56     18.10 ± 4.74   15.85 ± 2.63
  β-elemene                    1389            1387            2.23 ± 0.42     1.9 ± 0.30      2.05 ± 0.86       2.15 ± 0.13       2.49 ± 0.4      2.1 ± 0.30      2.238 ± 0.08    2.29 ± 0.12      2.21 ± 0.163   2.39 ± 0.22
  β-caryophyllene              1417            1417            24.15 ± 1.32    26.27 ± 1.66    29.81 ± 5.97      24.9 ± 3.96       29.82 ± 0.29    29.37 ± 2.51    29.9 ± 4.0 \*   20.0 ± 1.64 \*   28.97 ± 1.08   23.50 ± 0.63
  α-humulene                   1452            1453            2.6 ± 0.55      2.93 ± 0.50     2.61 ± 0.48       2.66 ± 0.42       2.88 ± 0.30     2.78 ± 0.15     2.898 ± 0.45    2.59 ± 0.27      2.56 ± 0.020   2.69 ± 0.25
  α-muurolene                  1500            1496            2.81 ± 0.68     2.21 ± 0.52     3.29 ± 1.06       2.62 ± 0.35       3.17 ± 0.96     2.42 ± 0.12     3.098 ± 0.82    2.43 ± 0.36      2.54 ± 0.12    2.60 ± 0.30
  β-bisabolene                 1505            1505            2.09 ± 0.4      2.02 ± 0.20     2.40 ± 1.30       2.55 ± 1.65       2.31 ± 1.35     1.41 ± 0.40     2.128 ± 1.13    2.41 ± 0.93      2.54 ± 2.07    1.40 ± 0.21
  7-*epi*-α-selinene           1520            1515            1.97 ± 0.58     1.58 ± 0.44     1.98 ± 0.58       1.97 ± 0.12       2.24 ± 0.35     1.87 ± 0.25     2.058 ± 0.29    2.04 ± 0.19      1.78 ± 0.29    2.02 ± 0.28
  Monoterpene hydrocarbons     25.89 ± 8.59    27.48 ± 18.40   10.59 ± 8.35    19.71 ± 9.95    15.69 ± 7.05      17.13 ± 4.50      18.04 ± 8.95    20.36 ± 7.86    22.08 ± 3.81    19.81 ± 3.57                    
  Oxygenated monoterpenes      9.89 ± 4.17     9.93 ± 2.27     4.33 ± 1.89     8.41 ± 1.76     8.83 ± 3.21       7.30 ± 1.92       5.98 ± 3.94     10.11 ± 4.67    6.44 ± 3.38     7.67 ± 2.78                     
  Sesquiterpene hydrocarbons   62.95 ± 8.12    58.09 ± 9.71    79.02 ± 28.36   63.12 ± 12.72   63.49 ± 16.65     66.27 ± 14.89     70.34 ± 13.55   58.94 ± 15.01   62.46 ± 12.95   57.79 ± 6.08                    
  Oxygenated Sesquiterpenes    0.97 ± 0.32     2.07 ± 0.37     1.36 ± 1.47     4.26 ± 2.75     6.81 ± 5.63       4.31 ± 2.50       1.87 ± 1.35     4.60 ± 3.45     3.55 ± 2.37     5.48 ± 2.82                     
  Phenylpropanoids                                             0.08 ± 0.09     0.03 ± 0.05     0.06 ± 0.05       0.03 ± 0.05       0.02 ± 0.03     0.06 ± 0.06     0.07 ± 0.09     0.09 ± 0.05                     
  Others                       0.22 ± 0.09     0.31 ± 0.09     1.83 ± 0.73     0.98 ± 0.73     2.85 ± 1.32       3.03 ± 1.91       0.97 ± 1.20     0.84 ± 1.20     1.03 ± 1.28     0.96 ± 0.85                     
  Total                        99.92 ± 21.29   97.88 ± 30.83   97.21 ± 41.35   96.51 ± 27.95   97.73 ± 33.90     98.07 ± 25.76     97.22 ± 29.02   94.91 ± 32.26   95.63 ± 23.89   91.8 ± 16.14                    

This table contains only volatile compounds above 2% present in at least one of the treatments. **RIL**: retention index of library; **RIC**: retention index calculated; **control**: *Piper nigrum* non-inoculated with AMF; **AMF**: *Piper nigrum* inoculated with AMF; dpi: days post inoculation; \* statistical difference according to Bonferroni test (*p* \< 0.05).
